What are the functions of exosomes?
The precise function of exosomes remains unknown. Early hypotheses favor the notion that exosomes may function as cellular garbage bags that expel excess and/or nonfunctional cellular constituents. Additionally, exosomes are EVs of endocytic origin and are likely generated to recycle cell surface proteins and, in turn, modulate outside-in signaling (3, 10) . While this implies that exosomes contain specific constituents that are present in excess in a given cell, this has not been explicitly encountered or proven. Whether particular cellular constituents are specifically shuttled into exosomes via an organized mechanism or whether exosome packaging is just a random process remains unknown. The content and numbers of exosomes generated likely change depending on whether cells are experiencing different stressors or stimuli, and exosomes made from the same cells can contain distinct constituents (Figure 1 ; refs. 2, 8, 11) . It is possible that the content of exosomes is a reflection of what the cell is experiencing; however, some proteins are consistently associated with exosomes, implicitly arguing for some degree of specificity in trafficking proteins into exosomes ( Figure 1 ). It is unclear which types of proteins might be enriched in exosomes, but emerging evidence suggests that some of these proteins are associated with exosome biogenesis. Plasma membrane anchors may play an important role in enriching specific proteins associated with exosomes (5) . Critically, the discovery that exosome contents can be transferred to a recipient cell via fusion to mediate phenotypic alterations supports the notion that exosomes are dynamic mediators of intercellular communication (8, 12) .
Conservatively, normal human blood is estimated to contain about 2,000 trillion exosomes, and the blood of cancer patients is estimated to contain about 4,000 trillion exosomes (13) (14) (15) . The diseased organs and the abnormal cells within them generate even more exosomes (13, 16) . The underlying causes of this increase in exosome generation remain unknown, but it is speculated to be due to altered cellular physiology. While the rate of exosome production and the heterogeneity of exosomes derived from cells in normal physiological conditions can be difficult to determine in vivo, many in vitro studies indicate that virtually all cell types can produce exosomes, that exosomes are heterogeneous, and that heterogeneity may be enhanced in pathological conditions such as cancer.
How are exosomes generated?
The generation of exosomes via inward budding of the plasma membrane to form intracellular endosomes was first reported in sheep reticulocyte maturation as a means for cell surface protein turnover (10) . Further invagination of the intracellular endosomes generates multivesicular bodies (MVBs) containing vesicles with a diameter of 40-150 nm. MVBs then fuse with lysosomes
The multiprotein complexes composed of ESCRT-0, -I, -II, and -III -together with accessory proteins (ALIX, VPS4, and VTA1) -localize on the cytoplasmic side of the endosomal membrane, participate in the sorting of proteins into ILVs, and involve ubiquitination of target proteins (19) . This multiprotein complex recruits deubiquitinating enzymes and further sorts proteins into the ILVs. Other proteins associated with the endocytic pathway have also been recognized as important for exosome biogenesis, including annexin A2, RAB5/7/27, and TSG101, and Ostrowski et al. (20) further refined the specific roles of Rab27 isoforms in the exosomal pathway. The rate of exosome biogenesis is largely unknown and likely differs between cell types and their physiological or pathological status. While RNAs (mRNA and miR) are conceivably incorporated into exosomes during the formation of ILVs, the mechanism of how genomic DNA gets into exosomes remains unknown and highlights an intriguing possibility for yet unknown additional regulatory pathways associated with exosome biogenesis.
What do exosomes contain?
Upon release from the cell surface, exosomes possess the capacity to fuse with the plasma membranes of recipient cells to deliver their contents into the cytoplasm. Alternatively, proteins present on the surface of the exosomes can engage cell surface receptors on recipient cells to induce intracellular signaling (19, 21, 22) . Thus, the contents of exosomes are a critical determining factor in their effects.
The lipid composition of exosomes includes cholesterol, sphingomyelin, hexosylceramides, phosphatidylserine, and saturated fatty acids (19) , all of which are components of the plasma membranes. The proteome of exosomes includes endosomal, plasma, cytosolic, and nuclear proteins (23) . Proteins enriched in exosomes include proteins associated with membrane transport and fusion, including Rab GTPases and annexins, as well as proteins involved in exosome biogenesis (ESCRT complex, ALIX, TSG101). Exosomes are also enriched with heat shock proteins (HSP70, HSP90), integrins, tetraspanins (CD9, CD63, CD81, and CD82) (3, 19, 24) , MHC class II proteins (3), epithelial cell adhesion molecules (EpCAM) (25) , and members of the human epidermal receptor (HER) family (26, 27) . Many exosomal protein confor degradation of their contents or fuse with the plasma membrane, releasing their contents into the extracellular space in the form of exosomes (10, 17) . This process, termed exosome biogenesis, distinguishes exosomes from EVs that emerge via outward budding of the plasma membrane, apoptotic bodies, or necrotic blebs of the plasma membrane. Exosome biogenesis is observed in immune cells, mesenchymal stem cells, fibroblasts, neurons, endothelial cells (ECs), and epithelial cells. Similar size vesicles may also arise from diverse types of intraluminal vesicles (ILVs); however, specific markers to distinguish these vesicles are lacking; therefore, the generic term of EVs is currently being employed (4) .
A core component of exosome biogenesis involves the endosomal sorting complexes required for transport complexes (ESCRT complexes), although an ESCRT-independent pathway involving ceramides for exosome biogenesis has also been reported (18) . In culture, the same cell type can produce exosomes with distinct nucleic acids and proteins above the baseline of some common protein markers. Exosome production can be dynamic, with the same cell shedding exosomes with different compositions based on their health status. (B) It has been assumed that exosomes are cellular trash bags for elimination of excess proteins, but many studies have shown that exosomes often exhibit certain specific markers, irrespective of the organ or cellular source. This suggests that certain proteins are transported to the exosomes with some degree of specificity. Additionally, distinct differences have been identified in the RNA and protein species present in exosomes, likely reflecting cellular and organ specificity. This second layer of complexity is dynamic and can change with the evolving status of the organ and cells within. Here, the pancreas is provided as an example, but this dynamism in exosomal contents presumably holds true for all organs. Therefore, exosome heterogeneity is a much more complex phenomenon than cellular heterogeneity and can be fleeting depending on stimuli and the functional status of the organ. of exosomes in pathological remodeling of organs other than cancer or in pregnancy are being unraveled (11); however, the normal, physiological functions of exosomes in tissue homeostasis remain unknown, reflecting the current difficulty of studying normal physiological function of exosomes. Exosomes and their contents in particular have emerged as a potential source of information to detect cancer and to provide information on potential regulatory drivers of tumor progression and metastasis.
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Exosomes in the detection of cancer. Exosomes have been detected in many biological fluids, including urine, semen, saliva, amniotic fluid, cerebrospinal fluid, bile, ascites, tears, breast milk, and blood (2, 11, 37, 38) . Cancer exosomes may serve as a liquid biopsy to aid in the diagnosis of malignancies, including prostate, pancreas, breast, and ovarian cancers; glioblastoma; and melanoma (13, (39) (40) (41) (42) (43) . Exosome concentration are reportedly elevated in the systemic circulation of patients with ovarian, breast, and pancreatic cancer (13, 16) . Specific markers associated with cancer exosomes may enhance their enrichment and may be useful for diagnosis when harvested from a heterogeneous population of exosomes in body fluids ( Figure 2 ). Many in vitro and preclinical studies have enhanced our understanding of exosome content and its potential utility to detect and monitor cancer. While lipids and metabolites in cancer exosomes may also offer unique insights in the detection and biology of cancer, more precise knowledge is evolving with respect to the utility of proteins and nucleic acids in exosomes ( Figure 2 ).
Nucleic acids in cancer exosomes. Unique nucleic acids (mutant mRNA such as the epidermal growth factor receptor EGFRvIII variant) contained in exosomes could potentially serve as reliable biomarkers for glioblastoma (43) . Enriched and specific miRs in exosomes may also inform diagnosis and serve to monitor the progression of cancer (16, (44) (45) (46) (47) (48) . For example, exosomal miR-21 is increased in the serum of patients with esophageal squamous cell carcinoma and correlates with advanced disease stage (45) . Exosomal miR-141 levels in the serum of patients with prostate cancer discriminates those with metastatic disease from those with localized disease (47) . Analyses of exosomes derived from urine revealed a miR profile that may enable the detection of urothelial carcinoma of the bladder (46) . DNA in exosomes may provide information about cancerspecific mutations (7, 49) . Whole genome sequencing revealed that exosomes in the serum of pancreatic cancer patients contained the entire genomic double-stranded DNA encompassing stituents likely reflect the common exosome biogenesis pathway, whereas other proteins may be enriched in exosomes as a result of enhanced levels in the cell of origin (Figure 1 ). miR and mRNA were the first classes of nucleic acids identified in exosomes (8, 28, 29) . Subsequently, all other RNA species were identified in exosomes including transfer RNAs (tRNAs), long noncoding RNAs (lncRNAs), and viral RNA (29, 30) . Interestingly, the enrichment of specific mRNA in exosomes may in part implicate a "zipcode" sequence in this process (31) . Different types of RNAs, including mRNA and noncoding RNAs such as miRs and lncRNAs (8, 14, 32) , in exosomes are functional and can impact the transcriptome of recipient cells (8, 14, 33, 34) . The functional impact of nucleic acids in exosomes for cell-to-cell communication in the setting of embryonic and organ development, normal physiology, and various pathologies are still emerging. Balaj et al. (9) demonstrated the presence of small fragments of single-stranded DNA in exosomes, and Kahlert et al. (7) identified large fragments of genomic, double-stranded DNA (>10 kb) encompassing all chromosomes inside the exosomes.
Functions of exosomes in cancer
In cancer, exosomes have been largely described as promoters of tumor progression (14, 35, 36) ; however, it is conceivable that exosomes also possess antitumor functions and act to restrain disease progression. To tease out the potential beneficial aspects of exosomes in tumors, further studies are required to interrogate the complexity and functional heterogeneity of exosomes. The roles The 65) . Exosomes from cancer cells can also inhibit NK cell proliferation and cytotoxic functions via downregulation of NK group 2, member D (NKG2D) (66) . Cancer cell-derived exosomes can impact T cell biology by inducing T cell apoptosis (67) . Fas ligand (FasL) on cancer cell-derived exosomes induces apoptosis of Fas + T cells (67) . Cancer cell-derived exosomes may also suppress T cell receptor (TCR) activity (68, 69) and regulate the transcriptome of regulatory and effector T cells (Tregs and Teffs) (70) . TGFβ1 in cancer cell-derived exosomes is reported to induce Tregs (71) . Collectively, such effects of exosomes are speculated to result in antitumor immune responses. A better understanding of the immune functions of exosomes in tumors may suggest novel and efficient antitumor therapies. Ongoing clinical efforts include the treatment of cancer patients (non-small-cell lung cancer) with DC-derived exosomes (dexosomes) to activate the antitumor immune response (72) .
Exosomes in tumor angiogenesis. Exosomes also participate in the regulation of pathological angiogenesis, including tumor angiogenesis (73) . Uptake of cancer cell-derived exosomes by ECs, particularly in response to enhanced exosome production due to intratumoral hypoxia, stimulates angiogenesis (43, (74) (75) (76) . This is achieved in part via stimulation of the proangiogenic secretome of ECs (77) . Angiogenic programs launched by hypoxia-induced cell signaling in cancer cells can be influenced by exosomes. The impact of tumor-derived exosomes on vascular remodeling may not only affect tumor growth, but metastasis as well. For example, melanoma-derived exosomes induce vascular leakiness at the sites of metastases and influence the provasculogenic phenotype of recruited BM progenitors (36) . Cancer cell-derived exosomes may also impair the structural integrity of ECs. The uptake of cancer cell-derived exosomal miR-105 by ECs downregulates the tight junction protein ZO-1, thereby enhancing vascular permeability and metastatic dissemination (78) .
Exosomes and cancer-associated fibroblasts. Exosomes may also significantly impact the tumor microenvironment by the activation of fibroblasts, facilitating tumor angiogenesis and tumor immunity. Specifically, cancer cell-derived exosomes from prostate cancer cells promote activation of myofibroblasts (79) . Cancer cell-derived exosomes induce normal lung fibroblast activation (myofibroblast differentiation) in vitro (80) and promote acquisition of myofibroblast-like features in mesenchymal stem cells derived from adipose tissue (81) . These studies support the hypothesis that stimulation by cancer cell-derived exosomes helps cancer-associated fibroblasts (CAFs) to acquire protumorigenic properties. Conversely, CAF-derived exosomes may also promote cancer progression. Hu et al. demonstrated that CAF-derived exosomes contribute to chemoresistance of colorectal cancer stem cells (82) , and Boelens et al. implicated fibroblast-derived exosomes in expanding therapy-resistant breast cancer cells (83) .
Regulation of tumor growth and metastasis by exosomes. The effects of stromal or cancer cell exosomes on recipient cells likely involve reciprocal signaling, which may or may not collectively result in a net tumor-promoting effect. While the vast majority of investigations report on the protumorigenic, proinvasive, and prometastatic effects of cancer cell-derived exosomes, it is important to keep in mind that stromal-derived exoall chromosomes. Additionally, driver mutations associated with pancreatic ductal adenocarcinoma (PDAC) were identified in this exosomal DNA (7) . Other research groups validated this discovery in their subsequent publications (49) (50) (51) ). An opportunity for whole genomic sequencing from serum exosomes of cancer patients has the potential to inform diagnosis and predict therapy outcomes.
Proteins in cancer exosomes. Exosome proteins likely reflect their cellular origin and may also aid in the detection of cancer. Intercellular transfer of oncoproteins by exosomes may play a role in facilitating tumorigenesis (52, 53) . In stage 3 and stage 4 melanoma patients, circulating exosome-associated MET (also known as a hepatocyte growth factor receptor) and phosphorylated MET (Tyr1349) are increased compared with healthy controls (36) . Exosome proteins may also be useful in detecting pancreatic cancer. Costa-Silva et al. (35) reported that macrophage migration inhibitory factor (MIF) is elevated in circulating exosomes of PDAC patients with disease progression after diagnosis when compared with healthy control subjects or PDAC patients with no evidence of disease 5 years after diagnosis and treatment. The cell surface proteoglycan glypican-1 (GPC-1) was detected on exosomes harvested from the serum of patients with pancreatic cancer and breast cancer (13) . GPC-1 was detected in both early and late stages of pancreatic cancer, with negligible levels detected on exosomes from the serum of healthy donors (13) . GPC-1 on exosomes discriminated patients with PDAC from those with benign pancreas diseases, such as chronic pancreatitis (13) .
Exosomes are key components of the tumor microenvironment. Tumor heterogeneity encompasses genomic heterogeneity among neoplastic cells in the tumor, as well as non-cancer cell tumor microenvironment heterogeneity. Diverse composition of immune cells, mesenchymal cells, and acellular constituents contribute to the functional heterogeneity of tumors. Tumor nanoenvironment (TNE) heterogeneity is emerging as another layer of complexity in the tumors. The TNE involves EVs of various sizes, as well as apoptotic bodies. Exosomes derived from cancer cells may participate in generating a protumorigenic or antitumorigenic milieu by manipulating host stromal responses. Exosomes from stromal cells may promote or limit cancer progression in a contextdependent manner.
Exosomes and tumor immunity. Early studies elucidating the biological functions of exosomes have implicated them in the regulation of adaptive immunity (3, 54) . The immunological activities of exosomes in tumors are likely complex and dynamic, ranging from modulation of tumor antigen presentation to polarization of tumor immunity (55, 56) . While exosomes have emerged as critical mediators of immune/cancer cell communication, their anti-and protumorigenic roles are unclear, possibly reflecting the functional heterogeneity of exosomes in the tumor microenvironment ( Figure  2 ). Exosomes from DCs can activate T and B cells, and cancer cellderived exosomes may serve as a source of tumor antigens that can be presented to the activated T cells (57) (58) (59) (60) (61) (62) . Cancer cell-derived exosomes may also directly activate NK cells via presentation of the stress protein HSP70 (63) , and mast cell-derived exosomes may indirectly activate T and B cells via DC differentiation (64) . While the reported immune activities of exosomes support their role in promoting antitumor immune responses, exosomes may also aid in immune evasion by impairing DC maturation via induction of IL-6
The
somes of invasive cancer cells are transferred to less invasive cancer cells (88) , suggesting that cancer cell-derived exosomes can influence the invasive phenotype. The impact of exosomes on the induction and/or maintenance of the EMT program in cancer cells is still emerging (89) . It is conceivable that exosome contents differ when derived from epithelial-like versus mesenchymal-like cancer cells, and such exosomal heterogeneity may impact metastasis or resistance to therapy. A recent study implicated such "education" of benign tumor cells by malignant cancer cell-derived exosomes (12) . Lineage-tracing experiments indicate that the malignant cancer cell-derived exosomes, when taken up by benign tumor cells, induce a conversion to the malignant phenotype (12) . While the cancer cell-derived exosomes may promote metastasis by remodeling distant, metastasis-prone organs (35, 36) , the precise and comprehensive action of exosomes at metastatic sites is not yet fully understood but may implicate specific integrin expression on exosomes (90) .
Function of exosomes in cancer therapies
Tumor exosomes and resistance to therapy. Exosomes are emerging as a potential contributor to cancer progression, adding another dimension to the complexity of the tumor microenvironment. Therefore, it is conceivable that cancer exosomes could serve as a therapeutic target. Efforts to suppress horizontal transfer of miRs from cancer cells to ECs via exosomes attenuates angiogenesis and metastasis (91) . Tumor stroma-derived exosomes have also been implicated in cancer chemoresistance (34, 82) , supporting the notion that targeting specific functions of exosomes could enhance response to therapies. Exosomes may carry a defined set of miRs that transfer a resistance phenotype to sensitive cancer cells by altering cell cycle control and inducing antiapoptosis programs. Depletion of such exosomes limits invasive features of cancer cells (34) . Transfer of fibroblast-derived exosomes to breast cancer cells may confer chemotherapy and radiation therapy resistance via activation of STAT1-dependent antiviral signaling and NOTCH3 signaling in cancer cells (83) . Exosomes may also negatively impact chemotherapy treatment by shuttling out chemotherapeutic agents from target cancer cells (92, 93) . Cisplatin and doxorubicin were found in cancer cell-derived exosomes in a posttreatment setting (92, 94) . HER-2 + exosomes from HER-2-overexpressing breast cancer cells inhibit trastuzumab-induced antiproliferative activity (27) ; thus, removal of HER-2 + exosomes from the blood of patients with HER-2-overexpressing breast cancers might improve patient responses to trasuzumab (95) . Exosome somes may have different and perhaps opposite functions from cancer exosomes. Cancer exosomes have been implicated in the conversion of benign epithelial cells into malignant cells, the remodeling of the extracellular matrix (ECM) to promote cancer cell invasion, the induction of invasive phenotypes in recipient cells, and the modulation of the metastatic site to enhance metastatic disease, as detailed below.
Exosomes and tumorigenesis. Cancer cell-derived exosomes have been implicated in determining the tumorigenic potential of epithelial cells (14, 21, 84, 85) . Cancer exosome miR may also contribute to tumorigenesis, and cancer exosomes can mediate cell-independent miR biogenesis, a property not associated with normal exosomes. Cancer exosomes with RNA-induced silencing complex-associated (RISC-associated) miRs induce tumor formation by nontumorigenic mouse mammary cells (MCF10A cells). Notably, impairment of exosome-associated miR biogenesis via specific silencing of Dicer prevented the growth of MCF10A tumors (14) .
Exosomes and tumor ECM remodeling. Exosome biogenesis is associated with invadopodia formation and multivesicular endosome docking (86) . Release of exosome-derived proteinases may enhance ECM degradation associated with invadopodia maturation (86) . Exosomes contain active proteases capable of ECM degradation, and they contribute to ECM remodeling by selectively and directly binding to the ECM-binding motif present on exosomal surface adhesion proteins (87) . While it remains unclear how such exosomal contents are released, ECM remodeling by exosomes enhances fibroblast adhesion and migration (87) .
Exosomes and metastasis. Exosomes can influence cells in the locale where they are produced as well as at distant sites, and the outcome of such influence may be site-specific and dependent upon the nature of interactions with the recipient cells. In tumors, the local impact of exosome-mediated cell signaling has generally been reported to promote invasive features of cancer cells associated with metastasis. These features include morphological changes associated with migratory functions (epithelialto-mesenchymal transition [EMT], cytoskeleton reorganization, and invadopodia formation), motility, and ECM and basement membrane remodeling activities. Invasion and colonization potential of cancer cells is enhanced when miR-200 from exo- Figure 3 . Sequencing of exosomal DNA and RNA can identify all driver and passenger mutations and deletions, providing information on actionable genetic defects associated with cancer. Tumors contain a heterogeneous mix of cancer cells. Clonal heterogeneity emerges when different sets of mutations and deletions drive different cancer cell clones, generating zones within tumors that contain unique sets of cancer cells with defined genetics. Therefore, tumor biopsies or portions cannot provide a view of the entire landscape of cancer-associated genetic defects. Analysis of cancer exosomes from the patient's blood can potentially overcome this limitation and offer genetic information reflecting the status of all the cancer cells in the tumor in order to account for tumor heterogeneity.
The Journal of Clinical Investigation R e v i e w S e R i e S : e x t R a c e l l u l a R v e S i c l e S depletion from the blood of cancer patients may also minimize the immune tolerance potentially mediated by exosomes (96) . While exosomal depletion may offer treatment benefits for cancer patients, more studies are required to understand the sum effect of exosome depletion on the body (97) . Exosomes as nanocarriers of anticancer therapies. The utility of exosomes as naturally derived delivery vehicles for therapeutic agents is being actively explored (98) . Exosomes have been used to deliver miRs to specific targets (99, 100) . Additionally, exosomes derived from immature DCs have been modified to contain protein fused to a peptide ligand that enables specific targeting of the exosomes to the brain via binding to acetylcoholine receptors on neuroendothelial and neuronal cells (99) . This strategy enabled targeting of α-Synuclein (α-Syn) using RNA interference molecules. This approach led to the reduction of intraneural α-Syn protein aggregates in the brain (99) . Delivery of let-7 miR by modified exosomes to specifically target EGFR + breast tumors reduced tumor burden in mice (100) . Sophisticated engineering of exosomes may offer new therapeutic opportunities to control primary tumors and metastatic disease.
The future of exosomes
Understanding the precise physiological function of exosomes will be critical to determining their role in cancer. Questions remain as to whether it is necessary to generate exosomes to survive. Generating mice with specific and complete deletion of exosomes could begin to answer such questions. To achieve this, we need to learn more about the biology of exosomes and their precise biogenic mechanism. Generally, conclusions regarding the functional role of exosomes in facilitating cell-to-cell communication are based on in vitro experiments in isolated culture systems using concentrations of exosomes that are, at best, rough approximations and may not be physiologically relevant. Therefore, it is expected that in vivo studies to address the functional role of exosomes in cancer will be explored with increasing frequency.
Future studies will likely also focus on the potential heterogeneity of cancer exosomes and how this knowledge could benefit the understanding of clonal expansion of cancer cells and changes in clonal expansion in response to therapies. RNA and DNA sequencing of serum exosomes (liquid biopsies) will likely aid in the early diagnosis of cancer without the need for invasive procedures (Figure 3) . Such technology coupled with proteomic analysis of exosomes could provide a window into the potential evolution of malignant disease in the body (Figure 3) . Using exosomes to deliver drugs could offer new treatment modalities for our patients. This is the golden age of studies related to exosome biology, and future research promises to unravel many unknown actions of exosomes in health and disease.
